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The coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae) (Fig. 1C) , is the most important pest of coffee worldwide (Jaramillo et al. 2006 ) and a new invasive pest in Hawaii. An estimated 8.1 million kg of coffee is harvested annually from an area of 32 km 2 statewide, representing $US$54 million in revenue (U.S. Department of Agriculture-National Agricultural Statistics Service [USDA-NASS] 2014). Coffee berry borer was first detected in August 2010 in the Kona region of the island of Hawaii (the Big Island) where there are about 800 small farms on 12 km 2 ; it has since been detected in commercial coffee farms on the island of O'ahu. If left uncontrolled, H. hampei can infest up to 100% of coffee beans at harvest, causing significant losses to production and quality (Le Pelley 1968 , Damon 2000 . Adult females bore into the green (unripe) coffee beans to lay eggs, where subsequently, several generations of H. hampei can develop within the same maturing bean. A single heavily infested coffee bean may contain multiple H. hampei at different life stages at the time of harvest and damage caused by these insects result in a complete loss of the bean (Damon 2000) .
The adult silvanid flat bark beetle Cathartus quadricollis (Guérin-Méneville) (Coleoptera: Silvanidae) ( Fig. 1A) and laemophloeid flat bark beetle Leptophloeus sp. (Coleoptera: Laemophloeidae) ( Fig. 1B) have been observed on coffee fruits, which are also known as coffee cherry. The ecology of C. quadricollis and Leptophloeus sp. is poorly understood, but they are known to feed on fungi as well as small insects and mites under bark. Beetles in Silvanidae and Laemophloeidae are adapted to feed on scolytid bark beetles, and a few, including C. quadricollis (the Published by Oxford University Press on behalf of Entomological Society of America 2015. This work is written by US Government employees and is in the public domain in the US.
square-necked grain beetle) and a related Leptophloeus, L. janeti (Grouvelle), are also stored-grain pests (Halstead 1993) . Collections of C. quadricollis and Leptophloeus sp. from coffee beans infested by H. hampei indicate that they are potential predators of H. hampei. Surveys indicate that these two species are widely distributed in coffee-growing areas of the Big Island, but are found mainly in overripe and unharvested coffee cherry on the tree. Owing to the cryptic behavior of both predatory C. quadricollis and Leptophloeus sp. and the H. hampei pest, natural predation of flat bark beetles on H. hampei is unknown.
Since the entire life cycle of H. hampei occurs inside the coffee bean, it is largely protected from predation (Damon 2000) , and its interactions with other species are cryptic. It was not known whether C. quadricollis and Leptophloeus sp. present in coffee beans might be feeding on H. hampei, feeding on fungi inside H. hampei galleries, or seeking a protected resting site.
Molecular techniques were used to determine whether C. quadricollis and Leptophloeus sp. preyed on H. hampei in coffee farms and the relative prevalence of this predatory phenomenon. To test for this behavior in coffee farms, molecular markers were developed to detect H. hampei DNA in farm-caught predators. Positive amplification of H. hampei DNA in farm-caught predators provides genetic evidence for the predation of H. hampei by C. quadricollis and Leptophloeus sp., verifies these beetles as predators of H. hampei, and identifies them as candidates for biological control of H. hampei.
Materials and Methods

Wild and Colony Insects
Adult predators and coffee berry borers were collected from overripe coffee in the field. C. quadricollis and Leptophloeus sp. were reared in the laboratory on a diet of cracked corn and cornmeal (4:1 v/v; Allotey and Morris 1993, Neto et al. 1999) . H. hampei was reared on a diet modified from Brun et al. (1993) ; modifications included first dissolving methyl-p-hydroxy benzoate, sodium propionate, and ascorbic acid in 25 ml 95% ethanol before mixing, baking the completed diet at 55 C for 8-10 h followed by autoclaving, and dipping adult beetles collected from the field in 95% ethanol for 5 s and rinsing in distilled water before placement on diet in 50-ml plastic cups.
DNA Extraction and Sequencing
The approach for developing species-specific primers for C. quadricollis, Leptophloeus sp., and H. hampei was first to sequence a region of the cytochrome oxidase C subunit I (CO1) gene. This was accomplished by amplifying and sequencing the DNA from these species using primers designed to anneal to a sequence conserved among many invertebrate taxa. Adult beetles that were sequenced were first preserved in 99% ethanol and stored at À80 C before nucleic acid extraction. Adult C. quadricollis (n ¼ 5), Leptophloeus (n ¼ 8), and H. hampei (n ¼ 20) samples were homogenized with a 3.175-mm metal lysing bead in a FastPrep 24 homogenizer (MP Biomedical, Santa Ana, CA) at a speed of 4.0 m/s for 20 s. Following homogenization, DNA was extracted using a Mag-Bind Tissue DNA KF Kit (Omega, BioTek, Norcross, GA) on a Kingfisher Flex automated extraction instrument (Thermo Scientific, Waltham, MA), following standard protocols, and then eluted into 100 ml of Mag-Bind TISSUE DNA KF Elution Buffer. Quantity and quality of DNA was determined by a Quant-iT PicoGreen dsDNA Assay (Thermo Scientific) on a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA).
A 710 bp region of the cytochrome C oxidase subunit I gene was amplified for adults of each species by polymerase chain reaction (PCR) using the LCO1490: 5 0 -GGTCAACAAATCATAAAGATATTGG-3 0 and HCO2198: 5 0 -TAAACTTCAGGGTGACCAAAAAATCA-3 0 primers described in Folmer et al. (1994) . Negative controls were also performed.
PCR amplifications were performed in volumes of 25 ml containing 12.5 ml of 2 Â GoTaq Green Master Mix (Promega, Madison, WI), 0.5 ml of 10 mM forward primer, 0.5 ml of 10 mM reverse primer, 3.0-5.0 ng of genomic template DNA, and 10.5 ml of nuclease free H 2 O. Amplification was performed in an Applied Biosystems Veriti 96 Well Thermal Cycler (Thermo Scientific) under the following cycling conditions: initial denaturation at 94 C for 3 min; 40 cycles at 94 C for 30 s, 55 C for 30 s, 70 C for 30 s; and a final extension at 70 C for 1 min. Amplicons were separated on a 2% agarose gel with a 100 bp Fisher BioReagent exACTGene DNA Ladder (Thermo Scientific) at 100 volts for 50 min and visualized using a Bio-Rad Gel Doc XRþ System (Bio-Rad Laboratories, Hercules, CA). Amplicons were purified using Agencourt AMPure XP (Beckman Coulter Inc., Brea, CA) on a Kingfisher Flex instrument and sequenced from both the forward and reverse primer using Big Dye Terminator sequencing. Raw chromatograms of the resulting forward and reverse sequences were assembled using Sequencher 5.0 sequence analysis software (Gene Codes Corporation, Ann Arbor, MI) to generate a single consensus sequence for each amplicon. All consensus sequences were aligned using MUSCLE (Edgar 2004) to identify variable regions between species. A representative sequence for each species was submitted into GenBank under accession numbers: KP996498, KP996499, and KP996500.
Sequence-Specific Primer Design
The resulting CO1 sequences were investigated to identify regions that were heterogeneous between species and homogeneous within species, also known as segregating sites. These regions were used to design sequence-specific primers that would only amplify the species in this study for which they were designed. In addition, these speciesspecific primer pairs were designed to amplify fragments of varying sizes in the same region so that size variation could be easily detected on a standard 2% agarose gel (Table 1) . PCR reactions using these species-specific primers were performed using the same procedures as described earlier but with different annealing temperatures (Table 1) , which were determined for each primer pair by gradient PCR.
Primer Specificity and Sensitivity
To test for primer specificity, DNA extractions derived from two individuals of each species fed on standard corn or coffee diet were amplified for all three species-specific primers. Resulting amplicons were visualized on a 2% agarose gel. To test for primer sensitivity, known samples were extracted according to the described protocol, eluted into 100 ml of elution buffer, and serially diluted in 1:10 dilutions with a final dilution of 1/10 À7 x. Each species sample in the series was amplified using only its corresponding species-specific primer pair.
Prey DNA Detection in Farm-Caught Predator Samples
Farm-caught C. quadricollis and Leptophloeus sp. were collected from five unmanaged coffee farms: Eldawi Farm (EF), McCleary Farm (MM), Church Farm (CF), Yamagata Farm (GY), and an abandoned farm (DB) in Captain Cook, HI. Sampling from EF took place in October 2014 at the end of the coffee season, and sampling from all other farms (MM, CF, GY, and DB) took place in May 2015 at the beginning of the subsequent coffee season. All samples were morphologically identified before destructive DNA extraction. After genomic DNA extraction, PCR was performed on all individuals to determine whether prey DNA was detectable from both extracted individuals and negative controls to ensure that no contamination had occurred.
Prey DNA Detection Over Time
A preliminary experiment testing for the presence of prey DNA in C. quadricollis every 4 h within a 24-h period showed that prey DNA was still detected at 24 h post feeding (data not shown). C. quadricollis adults were then subjected to a longer time series feeding experiment in which adults were presented with 20 live H. hampei eggs or 20 live H. hampei larvae and subsequently allowed to feed for 24 h. After 24 h of exposure to prey, C. quadricollis adults were removed from their prey and isolated for a period of 0, 24, 48, 72, and 96 h. After these periods of isolation, adults were preserved in 99% ethanol and stored at À80 C. These feeding trials were replicated using six C. quadricollis adults per treatment at each time point. Once all treatments were concluded, DNA extraction and PCR amplification were conducted as previously described. Each predator was amplified for both C. quadricollis and H. hampei primers to validate the presence of DNA from the predator and determine whether prey DNA could be detected.
Results
COI Sequences
Sanger sequencing of the amplified cytochrome C oxidase subunit 1 region using Folmer (1994) HCO/LCO primers resulted in a highquality sequence for all species sequenced. This resulting sequence was 552 bp in length once the low-quality ends were trimmed off. No COI haplotype variation was detected within H. hampei, C. quadricollis, and Leptophloeus sp., but there was a 26% dissimilarity in nucleotides between H. hampei and C. quadricollis, 25% dissimilarity between H. hampei and Leptophloeus sp., and 24% dissimilarity between C. quadricollis and Leptophloeus sp for this region of interest. Sequence alignment of H. hampei to public H. hampei partial COI sequences in GenBank (Accession GU133363) showed SM1 as the COI haplotype (Gauthier 2010) .
Primer Specificity and Sensitivity
Under optimized PCR conditions, the species-specific primers amplified only the targets they were designed for and failed to amplify nontarget individuals ( Fig. 2A-C) and no-template controls. Resulting amplicons were of the expected size (Table 1 , Fig. 2A-C) , and product from one species could be resolved from products of the other species on the basis of fragment size.
Serial dilutions of extracted DNA showed that resulting amplicons were detected at DNA concentrations of 3.78 Â 10 À5 ng/ml and above for C. quadricollis, 1.88Â 10 À3 ng/ml and above for Leptophloeus sp., and 6.08 Â 10 À4 ng/ml and above for H. hampei (Fig. 3A-C) .
Detection of H. hampei in Farm-Caught C. quadricollis and Leptophloeus sp. and Estimates of Times Since Feeding PCR amplification of H. hampei DNA in wild-caught predators showed positive amplification for H. hampei DNA in samples from every farm (Table 2 ). All predator samples contained DNA from C. quadricollis, Leptophloeus sp., or both predator species.
Detection of H. hampei DNA in C. quadricollis samples via PCR amplification demonstrated that prey DNA could be identified definitively within 48 h of feeding on H. hampei larvae (Fig. 4A ; Table 3 ) and within 24 h of feeding on H. hampei eggs (Fig. 4B ; Table 3 ). Treatments collected after 48 h did not amplify any prey DNA. This indicates that the prey detected in the farm-caught predator samples had been consumed within 48 h of when predator samples were collected for DNA extraction.
Discussion
These results provide evidence that C. quadricollis and Leptophloeus sp. feed on H. hampei in the field and therefore may be useful as predatory biocontrol agents for H. hampei. A limitation of these predators for biological control is that they are not found in ripening or ripe coffee cherry but rather in overripe coffee cherry. This suggests that adult C. quadricollis and Leptophloeus sp. are likely not consuming H. hampei when they are at their most destructive but rather after damage has already been incurred to the crop. Nonetheless, augmentative release of adult C. quadricollis and Leptophloeus sp. may serve to lower overall H. hampei population levels across a farm and could supplement existing integrated H. hampei pest management programs on the condition that it is compatible with currently used methods. One current method of H. hampei management involves the use of Beauveria bassiana, a parasitic fungus that attacks various arthropod species. The utility of C. quadricollis and Leptophloeus sp. for the control of H. hampei is dependent on the tolerance of the predators to Beauveria. Thus, future studies must be conducted to determine whether predatory beetles are susceptible to Beauveria infection. One unexpected result was the presence of DNA from both C. quadricollis and Leptophloeus sp. from single predator DNA extractions. This was found in individual beetles collected from three of the five farms that were sampled. Primer specificity tests showed that species-specific primers did not amplify heterospecific control species, and thus a potential explanation for the detection of both predators in DNA extracted from one beetle is that predators are preying on each other. Predator-predator interactions between C. quadricollis and Leptophloeus sp. have not been observed in the field and deserve further investigation. The detection of DNA from At optimal annealing temperatures, primers only amplified the targets for which they were designed and failed to amplify the species in the study for which they were not designed. both predator species in some samples illustrates the utility of this technique as a method for revealing potential interactions between species that have previously not been observed. The observation of potential predator-predator interactions reveals a limitation of this method for detecting the occurrence of a natural predation event. Owing to the ability of this method to detect very small concentrations of DNA, it cannot distinguish if the predators are feeding on active, dying, or dead prey (otherwise known as scavenging; Mair and Port 2001) . Though scavenging behavior can neither be confirmed nor denied, the laboratory assay conducted in this study provides evidence for predation of C. quadricollis and Leptophloeus sp. on live H. hampei eggs and larvae. Additionally, this method does not distinguish between direct predation and hyperpredation, the predation of one predator by another (Sunderland 1996) . Genetic evidence in this study suggests the occurrence of predator-predator interactions and indicates that prey DNA is being detected from predator beetles because of hyperpredation. However, it is unlikely to be the only process at play, as H. hampei DNA is found in Leptophloeus sp. samples collected where Leptophloeus sp. was the only predator present.
PCR-based predator detection is not feasible to implement in a study in which many samples are required (e.g., when attempting to estimate rates of predation across a broad landscape), but it is very costeffective in studies of smaller scale, as the materials used are readily available in molecular laboratories. This technique is useful in further investigations of species interactions in a system in which a thorough survey has been performed and all species present in the system are known. Variations of this method have been demonstrated in similar studies in which the system is obscured from observation owing to their habitat or size. For example, PCR-based methods were used to identify predator-prey interactions among soil-dwelling white grubs, larvae of Melolontha melolontha (Linnaeus) (Coleoptera: Scarabaeidae), and their predators Poecilus versicolor (Sturm) (Coleoptera: Carabidae) (Juen and Traugott 2005) . Another similar study used PCR-based techniques to detect parasitism of a scale insect, Pseudaulacaspis pentagona (Targioni-Tozetti) (Hemiptera: Diaspididae), by two closely related endoparasitoids, Encarsia diapsidicola (Silvestri) and E. berlesei (Howard) (Hymenoptera: Aphelinidae) (De Leon et al. 2010 ). This PCR-based method was previously used to identify another potential candidate for the biocontrol of H. hampei, the thrips Karnyothrips flavipes, and to determine its predation rates (Jaramillo et al. 2010) .
The methods developed in this study demonstrate that H. hampei, C. quadricollis, and Leptophloeus sp. can be genetically discriminated based on PCR of a very small region of COI. Use of this technique provides evidence for the predation of C. quadricollis and Leptophloeus sp. on H. hampei in coffee farms on Hawaii Island. Additionally, this study demonstrates the utility of this molecular tool to reveal the feeding behavior of species with cryptic life cycles and suggests novel agents for biological control of H. hampei. Prey DNA could be detected from predators feeding on H. hampei larvae up to 48 h after feeding. By contrast, prey DNA could be detected from predators feeding on H. hampei eggs up to 24 h after feeding. 
